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Abstract: A coherent anti-Stokes Raman scattering (CARS)-based multimodality microscopy
system was developed using a single Ti:sapphire femtosecond laser source for biological
imaging. It provides three complementary and co-registered imaging modalities: CARS, MPM
(multiphoton microscopy), and RCM (reflectance confocal microscopy). The imaging speed is
about 1 frame-per-second (fps) with a digital resolution of 1024 x 1024 pixels. This microscopy
system can provide clear 2-dimensional and 3-dimensional images of ex-vivo biological tissue
samples. Its spectral selection initiates vibrational excitation in lipid cells (approximately
2850 cm™!) using two filters on the pump and Stokes beam paths. The excitation can be tuned over
a wide spectral range with adjustable spectral filters. The imaging capability of this CARS-based
multimodal microscopy system was demonstrated using porcine fat, murine skin, and murine
liver tissue samples.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In the past few decades, the progress in the field of optical microscopy has been revolutionary.
Various multimodal laser-scanning microscopies have emerged. Multimodal laser-scanning
microscopy is created by integrating multiple imaging modalities into a single system [1-4].
Multimodal microscopy uses two or more complementary contrast mechanisms to form 3D
volumetric images of tissues. The imaging mechanisms include confocal, two-photon excitation
fluorescence (TPEF) [5-10], second harmonic generation (SHG) [11-15], third harmonic
generation (THG) [16-19], and coherent anti-Stokes Raman scattering (CARS) [20-24]. Each of
these mechanisms has an inherent optical slicing capability. These techniques can be applied
to unlabeled samples to visualize molecular and morphological structures that are previously
invisible. Because each module can detect specific molecules or structures, multimodal laser-
scanning microscopy enables the study of complex biological tissues, biological processes, lipid
metabolism, and facilitates cancer detection and diagnosis.

Even though many multimodal systems have been developed in the past, including systems
with CARS and MPM technology, no existing multimodal systems combine CARS, MPM and
RCM (reflectance confocal microscopy). Including RCM [25-32]into the multimodal system can
simultaneously provide overall information about chemical and morphological characteristics of
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biological tissue [28]. RCM imaging is currently being used for improving diagnostic accuracy
and early detection of skin cancer [29]. It has also been found to accurately depict the lateral
tumor edges of these cancers [28,29], allowing for instantaneous confirmation of tumor margin
clearance during surgery. Because of all the benefits and advantages of the RCM technology, we
decided to incorporate it into our CARS based multimodal microscopy system.

Furthermore, the existing single-source CARS-based multimodal system is attractive for its
simplicity and quick implementation [33]. We developed a multimodal microscopy system
by adding RCM into the CARS system. It employs a single-laser source and one objective
lens. The single femtosecond pulsed laser source emits signals with a wide wavelength range.
The system provides three unique microscopy techniques (RCM, MPM and CARS) to offer
subcellular-spatial-resolution imaging on unlabeled tissue samples. The three imaging signals
were measured simultaneously by three detectors with three specific filters in the front. The
system has improved sensitivity and achieved high signal-to-noise ratio. The detector in the
CARS channel works in the photon counting mode. It achieved a frame rate of 1fps, which offers
a more complete and enhanced visual contrast of the samples. Imaging of collagen, elastin, and
lipid rich regions in biological tissue samples were demonstrated

2. Materials and methods
2.1. Tissue sample preparation

The tissue samples were prepared under experimental protocols approved by the University of
British Columbia’s Animal Care Committee (certificate number: A18-0035). Three types of
biological tissue were used in this research: porcine adipose tissue, murine ear, and murine liver.
These biological tissue samples were fixed in formalin before measurement.

2.2. Experimental setup of CARS-based multimodal microscopy

The experimental setup is schematically shown below in Fig. 1. The light source was a 90 MHz
Ti: Sapphire femtosecond laser (Chameleon, Coherent Inc., Santa Clara, California). The output
beam was tuned to 808 nm. To prevent any reflected light from returning to the femtosecond laser
oscillator cavity, a Faraday isolator (F1) was placed in front of the laser. The beam from the laser
source entered the Faraday isolator and was then divided into two arms by a 50/50 ultrafast beam
splitter (BS) to form the pump and Stokes beams. The intensity of each beam was decreased
to avoid damage of the tissue sample with two separate attenuators (attenuator 1 and attenuator
2). These attenuators consisted of a half wave plate (Newport 10RP52-2) and a Glan-Laser
Calcite Polarizer (Newport, I0GLO8AR). The Stokes beam was then passed through a Newport
supercontinuum generation kit (SCG-800) to generate a supercontinuum light beam covering
the spectral range of 400 nm - 2000nm. In order to generate the CARS signal, both beams must
be matched in their optical pathlengths. Thus each beam was paired with its own delay line
to allow adjustments to create the CARS signal. Following each delay line, a bandpass filter
was used to filter the optical spectrum. BP1 (1050-50 OD4 bandpass filter, Alluxa) was used to
narrow the Stokes beam bandwidth to 50 nm with a central wavelength of 1050 nm, while a BP2
(LLO1-808-25, Semrock) was used to narrow the pump beam bandwidth to 3 nm with a central
wavelength of 808 nm. The optical power at the sample was ~12 mW for the pumping beam and
~1.5mW for the Stokes beam. This pump/Stokes combination facilitated CARS imaging of lipid
Raman band around 2852 cm™".

After the beams were adjusted to match each other in the optical pathlengths, the two beams
were then combined using an 808 nm RELP long pass filter (RELP). For two-dimensional
scanning, the combined collimated beam passed through a pair of galvano mirrors (GM: GVS002,
Thorlabs). The scanner had a field of view of 200 X200 um and an imaging resolution of
1024 x 1024 pixels. Following the scanner, a beam expander was used to expand the beam and
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Fig. 1. Block diagram of CARS-based multimodal microscopy system using a single laser
source and a single objective lens. FI (Faraday isolator), BS (beam splitter), Attenuator (a half
wave plate and a Glan-Laser Calcite Polarizer), SCG-800 (supercontinuum generation kit),
RELP (razor edge long pass filter), LP (long pass filter), OBJ (objective lens), SP (short pass
filters), BP (band pass filters), DM (dichroic mirror), L (Lens), and PMT (photomultiplier).
APD: avalanche photodiode.

provided a uniform imaging performance across the entire rear aperture of the objective lens
(LUMPLFLN60XW, Olympus). This beam expander had a dual-telecentric configuration with
2.0x magnification; it consisted of two achromatic doublets, specifically a scan lens (AC254-
050-B, Thorlabs) and a tube lens (AC254-100-B, Thorlabs). Following the beam expander, the
overlapped and collimated Stokes and pump beam were focused using an objective lens onto
the sample to generate CARS, MPM and RCM signals. The sample was placed on a motorized
translational stages, which with the use of a pair of galvano mirrors was able to enable the
multimodal system to produce 3D images.

For multimodal image acquisition, our system employed both the descanned and non-descanned
detection schemes. The non-descanned detection configuration was used for MPM and CARS
signal acquisition, while the descanned detection configuration was used for RCM signal
acquisition. In order to detect three signals simultaneously, dichroic mirrors were used to separate
them from each other. RCM signal was the first to be separated from the combined signals, using
a dichroic mirror (DM1: FF665-Di02-2536, Semrock) with a cut-off wavelength of 665 nm. The
dichroic mirror DM1 transmitted the RCM signal and reflected both the MPM and the CARS
signals. Following this, the CARS signal was then separated from the MPM signal using another
dichroic mirror (DM2: FF605-Di02-25 X 36, Semrock) with a cut-off wavelength of 605 nm. The
DM2 transmitted the CARS signal and reflected the MPM signal. Before the MPM and CARS
signals were measured by their respective detectors, two emission filters were used to reduce
background noise. For the CARS signal channel, a 650 nm bandpass filter (FF02-655/40-25,
Semrock, bandwidth = 40 nm) was employed, and for the MPM signal channels, a 650 short-pass
filter (FFO1-650/SP-25, Semrock, passing light between 350-650 nm) was used. This facilitated
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collection of the integrated TPEF and SHG signals generated by both the pump beam and the
Stokes beam. This integration design assured the MPM channel having good signal-to-noise
ratio, considering the excitation optical power used in the CARS channel (13.5 mW), which is
also the MPM excitation power in our system, is considerably lower than that of conventional
MPM system (30—60 mW).

Two types of detectors were used in this system. The CARS signal was detected using a
photomultiplier tube (PMT) working in a photon counting mode (R3896, C12597-04, C9744,
Hamamatsu). The MPM signal was also detected using a photomultiplier tube PMT1 (R3896,
Hamamatsu), but in analog mode. Working in a descanned mode, RCM signal was detected
by an avalanche photodiode APD (C10508-01, Hamamatsu) after passing through the beam
expander, scanning device, RELP, delay line, and a pinhole (150 um). To reduce scattered light
from optical elements, a quarter wave plate (QWP, wpq20me-780, Thorlabs) was used. The APD
and the pinhole for RCM detection is located after the signal has passed through the scanner to
become descanned signal. And they are located after the attenuator 2 to utilize the reflective
polarizer within it to realize the RCM signal detection without using another polarizer, which will
otherwise affect the pump beam transmission. Although the optical components in between will
attenuate the RCM signal, we still get good enough signal-to-noise ratio RCM images because
the RCM signal is quite strong.

3. Experimental results
3.1. 2D and 3D CARS imaging of biological tissue

The imaging capabilities of the CARS module were first demonstrated using unlabeled samples.
The resulting images demonstrated that the CARS module was able to provide ex vivo imaging
with subcellular spatial resolution. Figure 2. shows an ex vivo CARS image using porcine
adipose tissue. Abundant lipid cells from the tissue sample were captured. The presence of rich
lipid in the intracellular mortar generated high CARS signals and enabled brilliant polygonal
cuticles to be clearly visible.

Fig. 2. CARS image of ex vivo porcine adipose tissue with field of view of 400 um
(FOV =400 ym).

The cellular structures of a murine ear was measured using the CARS module. The sebaceous
glands, shown in Fig. 3(a), were filled with micron-sized sebum particles - a compound rich in
triglycerides and wax esters. Figure 3(b) depicts the subcutaneous fat layer, which was located at
the bottom of the dermis in the murine skin.
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Fig. 3. CARS imaging of ex vivo murine ear skin with field of view of 200 um (FOV =200
um). (a) sebaceous gland (b) subcutaneous fat layer.

The CARS microscope module was used to visualize murine liver tissues, see Fig. 4. Images
4(a) and 4(b) were captured at the same depth but at different locations. The liver tissue contained
well distributed hepatic lipids that allows for strong CARS signals.

Fig. 4. CARS imaging of ex vivo murine liver with field of view at the same depth but at
different locations (FOV =200 pm).

CARS microscope module could also be used to create 3D volumetric images by using a
motorized transitional stage and a two-dimensional scanning unit - a pair of galvano mirrors.
A video of a 2 mm thick liver tissue recorded through the CARS channel is shown in Fig. 5
(a). The intensity of the CARS signal was first increased with depth because the distribution of
lipid cells was denser with the increase of scanning depth. Subsequently, the CARS signal was
attenuated due to scattering and absorption until the signal almost disappeared at a depth of 40
um. Figure 5(b) features a volumetric 3D CARS image composed of a series of 2D images. This
3D image was post-processed by stacking a series of 2D images using Image], resulting in a 3D
image of 200 pm x 200 pm x 40 um in X, Y, and Z directions. The image can be rotationally
visualized in 3D with a 3D viewer plugin, which provides more detailed information about the
overall distribution of lipid droplets within the tissue sample.

3.2.  Multimodal microscopy imaging of biological tissues

The multimodal microscope was capable of simultaneously imaging unlabeled, bulk samples
using three different modules: MPM, CARS and RCM, which provided distinct and unique
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Fig. 5. (a) CARS video of a murine liver tissue (FOV =200 um), see Visualization 1 for
playing the video; (b) Volumetric CARS 3D image of a murine liver tissue at depth 40 pm
(FOV =200 pm), see Visualization 2.

information individually to offer new insights and comprehensive understanding of biological
tissues. Imaging of murine ear and liver tissue samples using the multimodal microscopic system
is shown in Fig. 6 and Fig. 7.

Figure 6 shows the multimodal images of the murine ear skin. Figure 6(a) is the CARS image,
showing the shape and distribution of lipids cells in the murine ear skin sample. Figure 6(b)
is the RCM image displaying the scattering structures of the murine skin. Figure 6(c) is the
MPM image, showing the distribution of endogenous fluorophores and SHG molecules, such
as NADH, elastin, collagen, and fibroblasts. Figure 6(d) shows the two-color composite image
that combined the CARS and RCM channels (green: CARS; red: RCM). In this particular
two-color scheme, a pixel or region with green color means that the CARS signals dominate; red
color means RCM signals dominate; while yellow color means there are both CARS signals and
RCM signals originated from the same pixel or region. The distribution and interrelationship of
different components of the murine ear skin is clearly seen from this composite image. We see
both red color dominated regions and green color dominated regions, suggesting that CARS and
RCM provide complimentary information. Figure 6(e) shows the two-color composite image
that combined the CARS and the MPM channels (green: CARS; red: MPM). We see most
regions with dominating green color (CARS dominant) and two large yellow clusters, suggesting
comparable CARS and MPM contributions.

Figure 7 shows the multimodal images of a murine liver sample: CARS image (a), RCM
image (b), MPM image (c), as well as two-color composite image (d) (green: CARS, red: RCM)
and (e) (green: CARS, red: MPM). Similar to Fig. 6, Fig. 7(a) shows the shape and distribution
of lipids cells in the murine liver. Figure 7 (b) displays the scattering structures of the murine
liver. Figure 7 (c) shows the distribution of endogenous fluorophores and SHG molecules in the
murine liver. And Fig. 7 (d) shows the two-color composite image that combined the CARS and
RCM channels (green: CARS; red: RCM). The distribution and interrelationship of different
components of the murine liver is clearly seen from this composite image. We see both red color
dominated regions and green color dominated regions, suggesting that CARS and RCM provide
complimentary information. There are also some yellow structures, suggesting considerable
contributions of both CARS and MPM. Figure 7(e) shows the two-color composite image that
combined the CARS and the MPM channels (green: CARS; red: MPM). We see most regions
with dominating green color (CARS dominant) and quite some yellow clusters, suggesting
comparable CARS and MPM contributions.
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Fig. 6. Multimodal microscopic images of a murine ear tissue sample (FOV =200 um) (a)
CARS image; (b) RCM image; (c) MPM image; (d) two-color composite image of CARS
and RCM (green: CARS, red: RCM); (e) two-color composite image of CARS and MPM
(green: CARS, red: MPM).
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Fig. 7. Multimodal microscopic images of a murine liver sample (FOV =200 um) (a) CARS
image; (b) RCM image; (c) MPM image; (d) two-color composite image of CARS and RCM
(green: CARS, red: RCM); (e) two-color composite image of CARS and MPM (green:
CARS, red: MPM).
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4. Discussions and conclusions

We developed a CARS-based multimodal microscopy system that specifically combined RCM,
MPM and CARS technology to simultaneously produce co-registered images of an unlabeled bulk
tissue sample in the same region of interest, with subcellular resolution and high signal-to-noise
ratio. The imaging speed was about 1 fps with a digital resolution of 1024 x 1024 pixels. The
system had been tested experimentally using animal tissue samples. The results showed that
different imaging modalities provide complimentary information about tissue chemistry and
structures. CARS is well known for providing specific chemical component imaging. In this study,
the chosen chemical component is lipids, so we obtained excellent signal-to-noise ratio images
from lipid rich tissue samples: porcine fat, murine ear skin, and murine liver. RCM images tissue
scattering properties and is sensitive to refractive index fluctuations in tissue. MPM images the
distribution of endogenous fluorophores and SHG molecules, such as NADH, elastin, collagen,
and fibroblasts. We used two-color composite image display to visualize the complimentary
nature of different imaging modalities. For example, the two-color composite image of CARS
(green color coded) and RCM (red color coded) is shown in Fig. 6(d). Within the white circle,
the bright red colored cluster suggests that there is a microstructure scattering light strongly.
There is no CARS signal from this cluster (no green components within this circle and it is dark
at this area in Fig. 6(a) as well), suggesting that this cluster/microstructure contains no lipids.
The yellow arrow points to a large triangle structure with strong light scattering (with bright
red color coded RCM signals). And the CARS image — Fig. 6(a) suggests that there is minimal
lipids contents within this triangle area. Interestingly, in the two-color composite image of CARS
(green) and MPM (red), as shown in Fig. 6(e), we found two big clusters with bright yellow color
(pointed to by red arrows). This means that these two particular microstructures/clusters have
both strong CARS signal (contains lipids) and strong MPM signals (contains fluorophores and/or
SHG molecules). This is a very unique property. Most other areas in this composite image are
pure green color, meaning there are plenty of lipids around most of these places.

Similarly, in Fig. 7(d), we observed clusters/microstructures (within the white circle and red
circle, or pointed by the yellow arrows) showing strong RCM signals (strong light scattering),
but no CARS signals (no lipids). In the two-color composite image of CARS (green) and MPM
(red), as shown in Fig. 7(e), we found clusters with bright yellow color (pointed to by red arrows).
This means that these particular microstructures/clusters have both strong CARS signal (contains
lipids) and strong MPM signals (contains fluorophores and/or SHG molecules). Again this is a
very unique property. All these unique structures as highlighted by circles and arrows in Fig. 6
and Fig. 7 deserve further detailed studies, including histology correlations.

This single-source multimodal microscopy system has three distinctive characteristics. Firstly,
it uniquely combined RCM, MPM and CARS in a multimodal system using a single femtosecond
pulsed laser and a single microscopic objective lens. This system is the first of its kind with
the incorporation of RCM technology into a CARS system. With the addition of RCM, this
system will become a highly effective and powerful multimodal microscopy tool for biology
study and clinical diagnosis. This design also allowed imaging with ease of operation and
simultaneous capture from the same region of interest. The using of a single source laser and
simultaneous acquisition of all modes of images guaranteed the co-registration of all images.
As we have demonstrated, adding RCM to a CARS system is quite straight forward. It can be
easily implemented in any CARS system and greatly enhance its imaging capabilities. Secondly,
the microscopic system used different detectors or detection mode for each channel: RCM was
detected using an APD detector because it worked in a descanned mode; MPM was detected
using a PMT detector working in an analog mode, and CARS was detected using a PMT working
in a photon counting mode. With different detectors or detection mode, we achieved an overall
higher imaging sensitivity and a higher signal-to-noise ratio. Thirdly, the system provided 2D
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and 3D imaging capabilities because it was equipped with a 2D scanning unit that could conduct
scans in the X and Y axis, and a motorized translational stage for Z axis imaging.

This multimodal system could be further improved in the future. The imaging speed of the
current system was limited by its scanner speed. Currently it uses a 1 kHz Galvo scanner. The
imaging speed could be further improved by using a faster scanner, such as an 8 or 16 kHz
resonance scanner. The imaging speed could be improved by 8 or 16 times, enabling imaging
capabilities for in vivo applications. Another improvement would be the ability to detect various
chemical components in addition to lipids. Currently, the system used a band pass filter to select
a narrow spectrum range from the Stokes beam within the broad waveband of 400 - 2000nm,
which was effective for imaging lipids. The chemical component to be imaged is determined by
the spectral range of the filter for the Stokes beam. If other bandpass filters are incorporated into
the system, a wider range of chemical components could be imaged using this system.

In conclusion, we have developed a CARS-based multimodal microscopy system using a
single femtosecond laser source and a single objective lens, which enabled co-registered imaging
of CARS, MPM and RCM simultaneously. It provided faster imaging speed and had the
capability to capture unique structures and chemical components of biological tissues. With
further improvement, it would allow for monitoring more than one biological component and
potentially be used for in vivo applications. We believe that our current development with future
improvement of the CARS-based multimodal microscope will help improve biological research
and medical diagnosis.
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